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DESCRIPTION 
SPIRAL LINEAR MOTOR 
TECHNICAL FIELD 
The present Invention relates to a spiral linear motor 
5 in which a rotator moves linearly In an axial direction 
with respect to a stator. 

BACKGROUND ART 
In cases where precise alignment Is performed while 
receiving an external force In the case of an NC mechanism 
10 or the like, a large drive force and high rigidity are 
required. In order to obtain this large drive force, a 
method for reducing the output of the motor by means of 
gears and a direct drive system utilizing a large magnetic 
field are known. 
15 In cases where a large drive force Is obtained by 

reducing the output of the motor by means of gears, there 
Is a problem that a coulomb frlctlonal force as a result 
of the gears has a great effect on the alignment accuracy 
and. In cases where a large drive force Is obtained by means 
20 of the direct drive system, there Is the problem that the 
device then becomes large. 

In the case of a linear actuator In particular, a 
constitution that combines a rotational motor and ball 
screw as a system that uses gears Is known. However, In 
25 addition to the problem of alignment accuracy, a 
constitution that combines a rotational motor and ball 
screw Is confronted by the problem that the device then 
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becomes complex. Further, a constitution that utilizes 
a linear motor as a linear actuator of the direct drive 
system is known. 

Furthermore, as a motor that produces a rectilinear 
5 drive force, a spiral motor, in which N poles and S poles 
are alternately magnetized at equal intervals in a spiral 
shape on a cylindrical surface to produce a rotator and 
a magnetic coil is disposed around the circumference on 
a plane that lies perpendicular to the axial direction to 

10 produce a stator , has been proposed. For example, a spiral 
motor of this kind is proposed in Japanese Patent 
Application Laid Open No. H9-56143. 

A conventional motor constitution is confronted by the 
problem that the device becomes complex in order to obtain 

15 a large drive force. Further, in the case of the spiral 
motor proposed in Japanese Patent Application Laid Open 
No. H9-56143, the drive force is dependent on the area that 
lies opposite of the magnetic coil and outer 
circumferential face of the rotator. There is therefore 

20 the problem that it is difficult to obtain a large drive 
force. 

Therefore, conventionally, in the case of a 
constitution that is known as a motor that produces a 
rectilinear drive force, there is the problem that it is 
25 not possible to simultaneously provide the motor with a 
small size and light weight , high accuracy and a large drive 
force. 
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Therefore, the present invention solves the 
conventional problems mentioned above and it is an object 
thereof to be able to simultaneously provide a motor that 
produces a rectilinear drive force with a small and light 
5 weight, high accuracy and a large drive force. 

DISCLOSURE OF THE INVENTION 
The present invention constitutes a linear motor that 
is simultaneously provided with a small size and light 
weight , high accuracy and a large drive force by integrating 
10 a screw mechanism that converts rotational motion to 
translational motion with an electromagnetic-force power 
mechanism. 

The present invention removes the effect of friction 
by rendering the screw mechanism a contactless 

15 electromagnetic-force screw mechanism, whereby highly 
accurate alignment control is possible. Further, because 
the area of the screw mechanism part exerting the 
electromagnetic force can be increased, the magnetic flux 
can be utilized effectively and a drive force that is larger 

20 than that of a conventional linear motor of the same volume 
and same weight can be obtained. 

The spiral linear motor of the present invention 
constitutes a rotator and stator in a spiral shape and, 
by mutually combining the two spiral-shapedparts , produces 

25 a drive force in the axial direction while rotating in a 
spiral shape • By establishing a spiral shape , a large drive 
force similar to that of a reduction gear can be obtained 
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and a large drive force can be obtained by utilizing the 
large area that lies opposite In the axial direction of 
the rotator and stator. 

Further , by reducing the pitch of the rotator and stator , 
5 the motor can be rendered a high-rotation- type motor and 
afforded a small size and light weight. 

Furthermore, because there Is no contact between the 
rotator and stator, the effect of friction Is reduced and 
highly precise alignment Is possible. 

10 The spiral motor of the present Invention has a 

constitution comprising a rotator that comprises a center 
shaft and a spiral-shaped portion provided on the outer 
circumference of the center shaft; and a stator comprising 
spiral- shaped hollow magnetic poles forming a center space 

15 with the same pitch as the rotator, wherein the center shaft 
of the rotator Is within the hollow magnetic poles forming 
a center space of the stator. Further, the spiral-shaped 
portion of the rotator is rotatable in a spiral shape within 
a spiral-shaped groove of the hollow magnetic poles forming 

20 a center space of the stator , and the rotator moves linearly 
in the axial direction while rotating in a spiral shape 
with respect to the stator. 

In the case of a spiral linear motor with this 
constitution, the spiral-shaped portion of the rotator 

25 formed with the same spiral shape with the groove of the 
stator moves linearly in the axial direction rotating in 
a spiral shape in the same way as a screw mechanism Inside 
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of the groove of the stator formed In a spiral shape. 

The rotator of the spiral linear motor of the present 
Invention comprises a permanent magnet on the spiral side 
face of the spiral-shaped portion of the rotator. Further, 
5 the stator of the spiral linear motor of the present 
Invention has windings of two phases that are mutually 
displaced through 90 degrees on both spiral-shaped side 
faces of the hollow magnetic poles forming a center space 
wound in the axial direction of the stator. Furthermore, 
10 the stator comprises an uneven portion on both 
spiral-shaped side faces of the hollow magnetic poles 
forming a center space and windings are wound on the uneven 
portion . 

The torque and drive force of the spiral linear motor 
15 of the present Invention are produced by the Intersecting 
electromagnetic forces between the spiral-shaped side face 
of the mutually opposite magnetic poles of the rotator and 
stator and can be controlled Independently of one another. 
BRIEF DESCRIPTION OF THE DRAWINGS 
20 Fig. 1 shows the overall constitution of the stator 

of the spiral linear motor of the present Invention; 

Fig. 2 Is a schematic view of the stator In a state 
where windings have been wound of the spiral linear motor 
of the present Invention; 
25 Fig . 3 serves to illustrate the phase state of two phases 

of windings that are wound on the stator of the present 
invention; 
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Fig* 4 Is a schematic view serving to Illustrate an 
example of the stator creation procedure of the present 
Invention; 

Fig. 5 shows the overall constitution of the rotator 
5 of the spiral linear motor of the present Invention; 

Fig. 6 Is a view In which the rotator of the present 
Invention Is projected In an axial direction; 

Fig. 7 Is a schematic view that serves to Illustrate 
an example of the rotator creation procedure of the present 
10 Invention; 

Fig. 8 shows a state where the rotator Is Inserted In 
the stator of the present Invention as seen from the outside ; 

Fig. 9 shows a state where the rotator Is Inserted In 
the stator of the present Invention; 
15 Fig. 10 Is a vertical cross-sectional view of the spiral 

linear motor of the present Invention; 

Fig. 11 Is a pole coordinate Interior elevation of the 
spiral linear motor of the present Invention; 

Fig. 12 Is a pole coordinate Interior elevation showing 
20 the state of the magnetic circuit model of mode 1 of the 
spiral linear motor of the present Invention; 

Fig. 13 Is an equivalence magnetic circuit showing the 
state of the magnetic circuit model of mode 1 of the spiral 
linear motor of the present Invention; 
25 Fig. 14 Is a pole coordinate Interior elevation showing 

the state of the magnetic circuit model of mode 2 of the 
spiral linear motor of the present Invention; 



Fig. 15 is an equivalence magnetic circuit showing the 
state of the magnetic circuit model of mode 2 of the spiral 
linear motor of the present invention; 

Fig. 16 is an armature circuit of the spiral linear 
5 motor of the present invention; 

Fig. 17 is a drive force/torque to current converter 
that is applied to the spiral linear motor of the present 
invention; 

Fig. 18 serves to illustrate the relationship between 
10 a force df6 that is applied in a rotational direction of 
the spiral face and a force df that acts in the direction 
of movement ; 

Fig. 19 is a block diagram of the drive force control 
system of the spiral linear motor of the present invention; 
15 Fig. 20 is a detailed block diagram of the drive force 

control system of the spiral linear motor of the present 
invention; 

Fig. 21 is a block diagram of the positional control 
system of the spiral linear motor of the present invention; 
20 and 

Fig. 22 is a detailed block diagram of the positional 
control system of the spiral linear motor of the present 
invention . 

BEST MODE FOR CARRYING OUT THE INVENTION 
25 An embodiment of the present invention will be described 

in detail hereinbelow with reference to the drawings. 
The stator of the spiral linear motor of the present 
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invention will be descrlbedby using Figs . lto4, the rotator 
of the spiral linear motor of the present invention will 
be described by using Figs. 5 to 7, and each structure of 
a combination of rotator and stator of the spiral linear 
5 motor of the present invention will be described by using 
Figs. 8 to 10. Further, the principles of the production 
of the drive force of the spiral linear motor of the present 
invention will be described by using Figs. 11 to 15, the 
armature circuit of the spiral linear motor of the present 

10 invention will be described by using Fig. 16, and the control 
of the spiral linear motor of the present invention will 
be described by using Figs. 17 to 22. 

The spiral linear motor 1 of the present invention 
comprises a stator 2 and rotator 3 and the rotator 3 moves 

15 linearly in an axial direction while undergoing 
spiral-shaped rotation with respect to the stator 2. 

Fig. 1 shows the overall constitution of the stator 
2 of the present invention . The stator 2 comprises a hollow 
hole 2b in an axial direction and comprises a spiral-shaped 

20 magnetic pole 2a formed with a predetermined pitch in the 
axial direction. The magnetic pole 2a formed in a spiral 
shape has a side 2A and a side 2B in the axial direction 
and a spiral- shaped groove 2C with the same pitch is formed 
between sides 2A and 2B of the magnetic pole 2a that adjoin 

25 each other in the axial direction. The spiral- shaped 
portion of the rotator 1 of the present invention is provided 
in the spiral-shaped groove 2C so as to be capable of 
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spiral-shaped rotation . 

Furthermore, a slot 2c with a recess In the axial 
direction Is formed In the spiral direction on sides 2A 
and 2B of the magnetic pole 2a. Windings for forming a 
5 magnetic field are wound In the slot 2c. 

Fig. 2 shows a stator where windings have been wound 
In the slot 2c. Two phases of windings 4 are wound on the 
stator 2. Windings 4a of one phase are wound In the axial 
direction In the slot 2c that Is formed In the side 2A of 

10 the magnetic pole 2a, for example. Windings of 4b of the 
other phase are wound In the axial direction In the slot 
2c that Is formed on the side 2B of the magnetic pole 2a, 
for example. The windings 4a wound on the side 2A and the 
windings 4b wound on the side 2B are wound with a 90 degree 

15 shift with respect to one another. 

Fig. 3 serves to Illustrate the phase state of the two 
phases of windings that are wound on the stator 2. Fig. 
3A shows a state where the stator Is projected In the axial 
direction. Further, a case with four poles Is shown here. 

20 The slots 2c In which the windings are wound are formed 
at Intervals of angle a In the circumferential direction 
and the windings of each phase are wound with respect to 
two slots. As a result, the windings of each phase are 
wound In units of the angle 2a. 

25 Further, when the respective phases are assumed to be 

phase a and phase b, phases a and b are wound shifted by 
the angle a. Fig. SB shows the flow of current as a result 



of the winding of phase a, for example, and Fig. 3C shows 
the flow of current as a result of the winding of phase 
b, for example. The phases of the current of phase a and 
the current of phase b are mutually shifted through the 
5 angle a. 

Fig. 4 Is a schematic view serving to Illustrate an 
example of the stator creation procedure. Further, the 
two drawings In Figs. 4A to 4C show a state where stators 
In the same state are viewed from different angles. 

10 First, a cylindrical member Is formed by laminating 

disk-like electromagnetic steel sheets. The 
electromagnetic steel sheets can be silicon steel sheets. 
Fig. 4A shows the external form of the laminated 
electromagnetic steel sheets. Thereafter, the laminated 

15 electromagnetic steel sheets are cut Into a spiral shape 
as shown In Fig. 4B, whereby a spiral-shaped magnetic pole 
part Is formed. In addition, the spiral- shaped magnetic 
pole part Is cut to form a slot for winding windings. 
Further, In order to prevent abnormal torque of higher 

20 harmonic asynchronous torque, the spiral-shaped magnetic 
pole part may be cut obliquely to provide a skew. 

Fig. 5 shows the overall constitution of the rotator 
3 of the present Invention. The rotator 3 comprises a 
center shaft 3b, and a spiral-shaped portion 3a that Is 

25 formed In a spiral shape with a predetermined pitch In the 
axial direction of the center shaft 3b. The spiral-shaped 
portion 3a has a side 3A and a side 3B In the axial direction 



thereof and a spiral-shaped groove 3C with the same pitch 
Is formed between sides 3A and 3B of the spiral-shaped 
portion 3a that adjoin each other In the axial direction. 
Permanent magnets 3c are then attached to the faces of sides 
5 3A and 3B of the spiral-shaped portion 3a. 

Fig. 6 Is a view In which the rotator Is projected In 
the axial direction. Fig. 6 shows an example with four 
poles where permanent magnets 3c with N and S magnetic poles 
are alternately attached at 90-degree Intervals. The 

10 permanent magnets 3c can be attached through adhesion to 
sides 3A and 3B. 

Fig. 7 Is a schematic view that serves to Illustrate 
an example of the rotator creation procedure. Further, 
the two diagrams In Figs. 7A to 7B show states In which 

15 stators In the same state are view from different angles. 
First, a center shaft 3b and spiral-shaped portion 3a are 
formed by cutting and processing the cylindrical member. 
Fig. 7A shows the external form of the center shaft 3b and 
spiral-shaped portion 3a that are formed as a result of 

20 cutting and processing. The pitch of the spiral-shaped 
portion 3a of the rotator 3 Is formed with the same pitch 
as the pitch of the spiral- shaped groove 2C of the stator 
2. Thereafter, as shown In Fig. 7B, permanent magnets 3c 
are made to adhere to the 3A and 3B on both sides In the 

25 axial direction of the spiral- shaped portion 3a thus 
formed. 

The spiral linear motor 1 of the present Invention can 



be constituted by inserting the rotator 3 In the stator 

2 , supporting both ends of the center shaft 3b of the rotator 

3 , and supporting the stator 2 by means of a frame . Further , 
the frame can be formed by means of an aluminum member or 

5 the like. 

Fig. 8 shows a state where the rotator 3 Is Inserted 
In the stator 2 of the present Invention as seen from the 
outside. Fig. 9 similarly shows an Internal state with 
part of the state where the rotator 3 Is Inserted In the 

10 stator 2 of the present Invention removed. 

The spiral-shaped portion 3a of the rotator 3 Is 
Inserted In the spiral-shaped groove 2C of the stator 2 
so as to be rotatable In a spiral shape therein and the 
spiral-shaped magnetic pole 2a of the stator 2 Is attached 

15 Inserted In the spiral-shaped groove 3C of the rotator 3 
so as to be rotatable therein a spiral shape. 

Further, the slot 2c formed having an axial recess is 
formed in the spiral direction on sides 2A and 2B of the 
magnetic pole 2a of the stator 2. Windings 4 for forming 

20 a magnetic field are wound in the slot 2c. A magnetic field 
is formed at the magnetic pole 2a by supplying a current 
to the windings 4 and an axial drive force and rotational 
torque are formed by the mutual action of the magnetic field 
formed on the side of the stator 2 and the magnetic field 

25 exerted by the permanent magnet 3c of the rotator 3. 

In the case of the spiral linear motor of the present 
Invention , the rotational force is controlled while keeping 



the gap In the axial direction between the stator 2 and 
rotator 3 at a constant value. The rotator 3 advances In 
a spiral shape with respect to the stator 2 and the center 
shaft 3b of the rotator 3 , which Is an output shaft , operates 
5 as a translation mechanism. 

Fig . 10 Is a vertical cross-sectional view of the spiral 
linear motor of the present Invention. The spiral linear 
motor 1 of the present Invention comprises, at the 
circumference thereof, a motor frame 5 that supports the 

10 stator 2. In Fig. 10, the stator 2 Is supported by fixing 
the outer circumferential face of the magnetic pole 2a of 
the stator 2 to the Inner circumferential face of the motor 
frame 5. In addition to using screws, the fixation may 
be performed by using an adhesive. 

15 The rotator 3 Is also rotatably supported on the motor 

frame 5 by means of linear bearings 6 . The linear bearings 
6 are attached by means of a support member that Is provided 
at both ends of the motor frame 5 and rotatably supports 
both end parts of the center shaft 3b of the rotator 3. 

20 A gap sensor 7 Is attached to the side part of the stator 

2 In order to detect the gap from the side face of the rotator 
3. Further, a rotary encoder 8 Is attached to detect the 
rotational speed of the rotator 3. 

The principles of the production of the drive force 

25 of the spiral linear motor of the present Invention will 
be described next. 

Fig. 11 Is a pole coordinate Interior elevation of the 



spiral linear motor of the present Invention. In a view 
from the rotator 3 In the pole coordinate Interior elevation , 
the rotator 3 Is held from both sides by the magnetic poles 
of the two stators 2. A closed magnetic path In which the 
5 rotator 3 Is Inserted Is formed by supplying currents la 
and lb/ the phases of which are shifted 90 degrees, to the 
adjoining windings provided on the magnetic poles and the 
permanent magnet 3 provided on the rotator 3 receives the 
action of the magnetic field exerted by the closed magnetic 
10 path. 

Here, In the pole coordinate Interior elevation, 
suppose that the angle of the windings that are wound In 
the slot on the side of the stator 2 Is 2a, the angle of 
the permanent magnet on the side of the rotator 3 Is 2B, 

15 and the rotational angle of the rotator 3 with respect to 
the stator 2 Is 6 . Further, suppose that the gap between 
the sides of the stator 2 and rotator 3 Is Ig, the thickness 
of the permanent magnet Is Im, the deviation of the rotator 
3 In the groove of the stator 2 Is x, the pitch of the stator 

20 and rotator Is Ip, and the distance from the center shaft 
of the permanent magnet to the end portion In the radial 
direction Is ri and r2 respectively (ri<r2). 

Further, the parameters used here are shown In Table 
1 below: 
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Table 1 parameter 


/a [A] 


A phase armatvire current of stator backward 


h [A] 


B phase armatiire current of stator backward 


[A] 


A phase armature current of stator forward 


n [A] 


B phase armature current of stator forward 


n 


turn number of armature winding 


a [rad] 


angle between slots of adjoining stators 


0 [rad] 


angle of permanent magnet of rotator -r 2 


im [m] 


thickness of permanent magnet of rotator 




basis value of gap between stator and rotator 


[m] 


displacement of gap between stator and rotator 




rotate angle of rotator 


ri [m] 


interior diameter of permanent magnet 


r2 [m] 


exterior diameter of permanent magnet 


P 


bipole number per one layer of spiral 


Q 


layer nxmiber of spiral 


Mo 


magnetic permeability of a vacuum 




magnetic permeability of permanent magnetic 


fir [T] 


residual magnetic permeability 


£p [m] 


pitch of spiral 



In the pole coordinate Interior elevation, two 
different kinds of magnetic circuit model may be considered 
5 in accordance with the relative positional relationship 
between the magnetic field winding and permanent magnet. 

The first magnetic circuit model (mode 1} represents 
a case where the permanent magnet extends over one winding. 
The pole coordinate Interior elevation In Fig. 12 and the 
10 equivalence magnetic circuit In Fig. 13 show the state of 
the magnetic circuit model of mode 1. 

Mode 1 Is a case where - ( a-6 ) =9 = ( a-B ) Is established 



16 

when the angle of rotation Is 9, and the parameters here 
are shown In Table 2 below. 

Table 2 parameter of magnetic circuit of mode 1 





magneto motive force of permanent magnet 




magnetic resistance of permanent magnet in region (i) 


■Rm2 


magnetic resistance of permanent magnet in region (ii) 


<I»1 


magnetic flux of region (i)-(A) 


^ml 


magnetic flux of region with permanent magnet in region (i)"(A) 




magnetic flux of region without permanent magnet in region G)"(A) 




magnetic flux of region (ii)'(A) 




magnetic flux of region with permanent magnet in region (ii)-(A) 




magnetic flux of region without permanent magnet in region (ii)-(A) 




magneto motive force of armature winding in region (i)"(A) 


Fa 


magneto motive force of armature winding in region (Li) -(A) 




magnetic resistance of gap in region (i)'(A) 




magnetic resistance of leal^ magnetic path in region (i)-(A) 


Rg2 


magnetic resistance of gap in region Gi)"(A) 




magnetic resistance of leak magnetic path in region (ii)-(A) 




magnetic flux of region (i)"(B) 




magnetic flux of region with permanent magnet in region (i)-(B) 




magnetic flux of region without permanent magnet in region (0"(B) 


if,' 
*2 


magnetic flux of region aB; 


*m2 


magnetic flux of region with permanent magnet in region (ii)"(B) 


^i2 


magnetic flux of region without permanent magnet in region (ii)-(B) 




magneto motive force of armature winding in region (i)-(B) 




magneto motive force of armature winding in region (ii)-(B) 




magnetic resistance of gap in region (i)-(B) 




magnetic resistance of leak magnetic path in region G)'(B) 




magnetic resistance of gap in region (ii)-(B) 


^€2 


magnetic resistance of leak magnetic path in region (ii)-(B) 



17 

Here, the magnetic flux of the regions (111) -(A), 
(Iv) - (A) , (111) - (B) , (Iv) - (B) due to the symmetry Is 
-$2# and -$'2- Further, the magnetomotive force of 

the armature winding Is also similarly -Fi, -F2, -F'l, and 
5 -F'2- 

Furthermore, the second magnetic circuit model 
represents a case where the permanent magnet extends over 
two windings. The pole coordinate Interior elevation In 
Fig. 14 and the equivalence magnetic circuit In Fig. 15 
10 show states of the magnetic circuit model of mode 2. 

In this mode 2 , In a case where ( a-B ) =^9 - B Is established 
when the rotational angle Is 6, the parameters here are 
shown In Table 3 below. 
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Table 3 parameter of magnetic circuit of mode 2 



J7 


magneto motive force of permanent magnet 




magnetic resistance of permanent magnet in region (i) 




magnetic resistance of permanent magnet in region Gi) 


^1 


magnetic flux of region (i)"(A) 




magnetic flux of region with permanent magnet in region (i)'(A) 




magnetic flux of region without permanent magnet in region (i)"(A) 


*2 


magnetic flux of region Gi)'(A) 


IT- 


magneto motive force of armature winding in region (0"(A) 


i*2 


magneto motive force of armature winding in region (ii)"(A) 




magnetic resistance of gap in region (0'(A) 




magnetic resistance of leak magnetic path in region G)"(A) 


-"-02 


magnetic resistance of gap in region (ii)'(A) 


^1 


magneific uux ox region vl/ V-Ej/ 




magnetic flux of region with permanent magnet in region (0"(B) 




magnetic flux of region without permanent magnet in region 0-(B) 




magnetic flux of region (ii)-(B) 




magnetic flux of region with permanent magnet in region (ii)-(B) 




magneto motive force of armature winding in region (ii)"(B) 




magnetic resistance of gap in region (0"(B) 




magnetic resistance of leak magnetic path in region (l)-(B) 


^02 


magnetic resistance of gap in region (ii)"(B) 



Here, the drive force In mode 1 is found. For the drive 
force in a case where the angle of rotation, is in the range 
-(a-B) = 9 = (a-B), the magnetomotive forces Fi, Yz, F'l, 
5 and F'2 [A] of the armature windings in the regions (1) 
and (11) and the magnetomotive force Fm [A] exerted by the 
permanent magnet when the currents la [A] , lb [A] , I' [A] , 
and I'b [A] flow in each phase of the armature winding as 
shown in Fig . 12 are expressed by equations { 1 ) to ( 5 ) below. 
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Fi = -n(/a -It) 


(1) 


F2 = -n{Ia + h) 


(2) 


Fi = -n{I'^ -I',) 


(3) 


Fit = -n(/; + 7^) 


(4) 




(5) 



Where n represents the winding number. Further, 
B ' r f T] represents the residual magnetic flux density of 
the permanent magnet and la'm represents the magnetic 
5 permeability thereof. Further, the respective magnetic 
resistance Is expressed by following equations ( 6 ) to ( 15 ) . 

'^-(F^ 

- (a-^ + ^)5o/io ^^^^ 
= (14) 



xg + eg + e 

ia-0- 0)Sofio 



where So = t^- t^^, fi o 
is magnetic permeability of a vacuum. 
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When region (A) Is viewed below, the equations for the 
magnetic circuit In region (A) are expressed by equations 
(16) to (21) below from Fig. 13. 

-Fi -Fm+ Rgi^ml + Rml^ml =0 (16) 

-Fi + Rn^n z= 0 (17) 

+ ^ml = ^1 • • • • (18) 

-Fz -Fm-^ R92^m2 + Rm2^m2 =0 (19) 

-F2 + Ri2<^i2 =0 (20) 

^e2 + *m2 = ^2 • • • • (21) 

As a result, when the magnetic flux penetrating the 
magnetic circuit Is found, same Is expressed by equations 
(22) to (27) below. 
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^m/iO + {-Xg + £p)pm ^^^^ 



nia-0 + 0){la - h)SofM) ^23) 

— 3?p + + 

FmRii + Fi (Rgi + Rei + Rmi) 
Rei(.Rgi + Rml) 



^m2 = 



imtM) + i-Xg + eg)fXm 
_ n(a -~ /3 + ^)(/a - h) 

-Xg+tg+tm 

F2 + Fm 



(24) 



(25) 



*/2 = 



Rg2 + ■Rm2 

(;g + e)SoHo{Brtm - njlg + J»)/im) 
^m/*0 + (-aJfl + ^p)Atm 

A 
■R/2 

^ n(a-;g-g)(Ja+/6)5o//o ^ ^^6) 

Xg + £p + 



g)(Br€m~n(/a + /fe)Aim) 



n(a-0- e){Ia + h) 

Xq + £0 



) 



(27) 



Accordingly, the magnetic flux $a# 4>b# and $ni that 
interlink the armature winding currents la and lb and the 
5 equivalence magnetization current Im - Fm are expressed 
by equations (28) to (30) below by considering the bipole 
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number and the layer number. 



n((a - 0)la - eh) \ 

<>6 = 2pqn(^i — #2) 



= 4pqnSotio 



( 



(-eBrim + n(01a + y3/6)Aim 
^m/'o + (-a:, + £g)Hr 



_ n(gJa-(a-)g)/,) \ 

For the sake of simplification, supposing that the 
magnetic permeability |im of the permanent magnet Is equal 
to the magnetic permeability |io of a vacuum, the total 
magnetic energy In region (A) Is expressed by equations 
(31) and (32) below. 

^0 = 15 (31) 



2n- 



X {01a + eh) + n^a(Ia^ + h^)) . . . (32) 

Similarly, the total magnetic energy in region (B) is 
expressed by equations (33) and (34) below. 
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= ^a'^ <^ H'^ b -i- m ^33^ 

\ Brim 



+ + £m \ V A»o / A'o 



X + e/^) + n2a(/i' + Ji") j . • - (34) 

Accordingly, the total magnetic energy rendered by 
combining regions (A) and (B) Is shown by equation (35) 
below . 

2pqSotJ'0 



{-Xg + €p + imKXg +eg+ tm) 



- Upr, + en){-xg + eg + im) 

+ (0Ia + 0Jb)iXg+£g + em)) 

+ n^a({I',^ + n^){-Xg+eg+e^) 

+ (I J + h'') {Xg +tg+ im))^ (35) 

The drive force f and torque T can be found when the 
magnetic energy W Is partially differentiated with a 
displacement X g and angle of rotation 6 and are expressed 
by equations (36) and (37) respectively below « 
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dW _ 2pqSo/Xo 

dXg ~ (-Xg +eg+ imfiXg + £5 + imY 



T = 



-(0Ja+0h)ixg + eg + emf) 

- (/a^ + h^Xxg + + j (36) 

dw 
de 

(37) 



Thereafter, the drive force in mode 2 is found. With 
regard to the drive force in a case where the angle of 
rotation 9 is within the range (a — jS) -6-0 , the respective 
magnetic resistances from Fig. 14 are expressed by 
equations (38) to (44) below. 
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= (^') 

^" = C9-«Tsb/.™ 

= 

^^' = 5^ 

Meanwhile, the equations for the magnetic circuit are 
expressed by equations (45) to (49) below from Fig. 15. 

-Fi + F„» + Rgll^ml + Rmll^ml = 0 • • • • (45) 
-Fi -Fm+ Rgl2^m2 + Rml2^m2 =0 • • • • (46) 

-Fi + Rn^n =0 — (47) 
+ ^ml + *m2 = $1 • • (48) 
-F2 -Fm + Hp2^2 + Rm2^2 = 0 • • • (49) 

5 When the magnetic flux Is found therefrom, same Is 

expressed by equations (50) to (54) below. 
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Ril Rgll + Rmll Rg\2 + Rml2 

Xg + £g + £m 

+ /P^o , , ((a - 2^)B,£n. 

+ n{a - 20)(Ia - It)/Jim) (50) 

$ — -^1 ~ 

Rgll + Rmll 

^ {oc-p-e )5o//o(Br^m + n(/a - /6)/im) 

(51) 

= ()g - e)Sotlo{Brtm + n(-/a + h)^.m) 
^mlMi + (-iPj + ig)tlm 

(52) 

-" = lr 

^ -2n(a - ^)(/a - h)SoiJLo ^^^^ 

— a;^ + + 

i2p2 + -Rm2 

Accordingly, the magnetic flux $ar $b# and $in» that 
interlink the armature winding currents la and lb and the 
equivalence magnetization current Im = Fn, are expressed 
5 by equations (55) to (57) below by considering the bipole 
number and layer number. 
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= 4pqn 



( nia-fi)ila-l 

\ -Xg+eg + 

imtM) + {-Xg + ta)Hm ) 

(55) 

= 2pqn{^i — ^2) 

SoUaieBrtm - n((a - )9)/a + ^h)li^) \ 
(56) 

*m = 2pg(-$TOi + $,n2 + ^2) 

ApqSQtioipBrtm - n(a - - h)fhn) 



(57) 



For the sake of simplification, supposing that the 
magnetic permeability Pm of the permanent magnet Is equal 
to the magnetic permeability of a vacuum, the total 
magnetic energy In region (A) Is expressed by equations 
(58) and (59) below. 

_ + h^b + Im^m ^gg^ 



-2n?^{{a-e)Ia+eh) 



+ n2a(/a^ + V) I (59; 



V)) 
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Similarly, the total magnetic energy In region (B) Is 
expressed by equations (60) and (61) below. 

0 = 5 ^60) 



^ 2pqSofM> ( (BrtrnV 



+ nM/a* + V)| (61) 



Accordingly, the total magnetic energy rendered by 
combining regions (A) and (B) Is shown by equation (62) 
below. 

W = Wo + W^ 

2pqSofjto 



i-Xg + Eg + imKXg + Eg + Cm) 

X 



^ 2n?^ (((a - 0)1'^ + en){-Xg + £p + im) 

+ ((a - e)ia + eh){xg + £p + e^)) 

+ nMil'a^ + It){-Xg + + em) 

+ (V + /6')(a:,+£,+£m))j (62) 

similarly to mode 1, the drive force f and torque X 
can be found when the magnetic energy W Is partially 
10 differentiated with a displacement x gand angle of rotation 
0 and are expressed by equations ( 63 ) and (64) respectively 
below. 



/ = 
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dW 2pqSoHo 



T = 



{-xg + ig + emf(xg + eg + emf 

X (4Xg0 (ig + irn) 

+ (((a - OK + 0n){-xg + + 

- ((a - + ehKxg + eg + imf) 

- (/«' + + + ^n»)') j (63) 

dw 
dd 



= ApquBrtmSo ( ^'^ /\ + ^\ ^\ ) 

\ "I" + ^9 J 

(64) 

Here, one numerical example of the spiral linear motor 
of the present Invention Is shown. 

A numerical example In a case where the outer diameter 
Is 60 [mm] , the center shaft diameter Is 10 [mm] , the gap 
length Is 1 [mm] , and the permanent magnet thickness Is 
2 [mm] Is expressed by equations (65) to (74) below. 
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a — 

/? = 
5o = 

1^0 = 
Br = 

n = 

P = 



0.001[mm) 

0.002[mni) 

»r/4[rad] 

7r/6lrad] 

0.03^-0.0052(m2] 
= 47r X 10-'' 

im 

20 (turn) 

2 (layer number) • • 
6 (bipole number) • 



(65) 
(66) 
(67) 
(68) 
(69) 
(70) 
(71) 
(72) 
(73) 
(74) 



/= < 



Here, the drive force f and torque T when the 
displacement X g =0 [mm] are expressed by equations (75) and 
(76) respectively below. 

f -81.4(/a-/;)-156^(/6-/^) 

+0.768(/a^ + - I'a - I'h) 

if - {OL- p) <e <OL- ^ 
-(122 - 156^)(/a - /i) 
+(61.1-156^)(/6-/^) 

+0.768(/a=' - lah - I'a + I'aK) 

-0.467(/6 + /^) 

if - {a-0)<d<a-P 
0.467(/a - A + /i - ID 

ifa-'0<0<0 



(75) 



r = 



(76) 



Further, the drive force f and torque z when the 
displacement X g =0.001 [mm] are expressed by equations (77) 
and (78) respectively below. 
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10 



15 



( 5470 - 183/a - 350^/6 + 45.8/; + 87.5^/^ 
+1.73(/a^ + h^) - 0.432(/;^ + Ij,^) 
if -{a-0)<e<a-P 
5470 - (275 - 35O0)/a + (137 - 350^)/^ 
-H(68.7 - 87.5^)/; - (34.3612 - 87.5^)/J 
4-1.73(/a2 - lah) - 0.432(/i^ - I'J',) 
ifa-P<0<^ 

(77) 

-0.7/6 - 0.35/^ 

if -{a-p)<e<a-^ 
0.7(/a - h) + 0.35(/; - /J) 
if ot-0<e<0 



(78) 



The constant term expressed In the above equations Is 
the force with which the permanent magnet attracts the iron 
core and, when the rotator is in the dead center of the 
gap of the stator, that is, when the displacement ^ ^-0 
[mm] , the forces of the permanent magnets on both sides 
of the rotator cancel each other out to zero. However, 
when the rotator touches down on one of the permanent magnets 
of the stator, that is, when the displacement x g =1 [mm], 
the force of attraction of the permanent magnet on the 
touched side is dominant and a force of attraction of as 
many as 5740 [N] is produced. A current of 28.5 [A] or 
more must be made to flow in order to allow the rotator 
to rise by overcoming this force of attraction. 

By introducing a stopper so that the gap is not smaller 
than a certain value, the damage of the permanent magnet 
caused by touch-down can be prevented and the current 
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required for the rotator to rise can be reduced. For 
example, when a stopper that prevents displacement of more 
than 0.5 [mm] Is used, the drive force f and torque T for 
a maximum displacement x ^ =0.0005 [m] are shown by the 
equations (79) and (80) below. 

' 2290 - 117/a - 224^/6 + 59.8/^ + lUOTl, 
-l-l.ll(/a^ + h^) - 0.564(/;^ + ) 
a - ia-P)<0<a-0 
2290 - (176 - 2240)/o + (88.0 - 224^)/6 
-♦-(89.8ic - 114^)/; - (44.9td - 1140)/^ 

+I.ll(/a2 - /a/6) - 0.564(/^=' - rjl) 

i{a-p<0<0 

(79) 

-0.56/6 - 0.4/^ 

\£ -ia-p)<0<a-P 
0.56(/a - h) + 0.4(/^ - /{) 



/= < 



r = 



(80) 



In this case , a rise Is possible as a result of a current 
of 15.2 [A] or more being made to flow. 

When the gap Is controlled for x ^=0 so that the rotator 

10 is dead center of the stator , even given an angle of rotation 
6=a/2 , which makes it difficult to output the maximum drive 
force, the drive force constant is 122 [n/A] and, supposing 
that a current of 10 [A] flows, a force of 1200 [N] or more 
can be produced. 

15 Circuit equations for the spiral linear motor of the 

present invention will be described next. Supposing that 
the armature resistance is R and the application voltages 
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of each phase Va, Vb, V'a. and V'b respectively, the sum 
of the application voltages and Induced electromotive force 
Is added to the resistance and the circuit equations 
expressed by equations (81) to (84) below are established. 

14-^a = i2/o (81) 

V6--** = H/6 (82) 

- = (83) 

v;'-#; = H/; (84) 

,wliere 4a = d^a/dt , 

For the sake of simplification, iini= Po and the Induced 
electromotive force of the second term on the left side 
of the above equation Is found. 

In the case of mode 1, by tlme-dlf f erentlatlng both 
sides of the equations (28) and (29), the Induced 
electromotive force expressed by equations (85) and (86) 
below Is found. 

. _ Apgn^aSoHo ^ 4pqnSo{0Brim - nalgfjio) . 
(85) 

~ -Xg +£g-hem * i-Xg + £g + im)^ 



- ^Sjf^^e (86) 

^Xg+ig+em 

Furthermore, In the case of mode 2, by 
time-differentiating both sides of the equations (55) and 
(56), the induced electromotive force expressed by 
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equations (87) and (88) below Is found. 

" -xo + eo + er * 



4pqnSo({.oc - 6) Brim - nalalMi) . 



■9 (87) 



m 



4j — ^PQ'^^o^SoiiQ J. _ 4pqnSo{9Brim — na/g/xo) ^ 

~Xg + £g + £ffx + ^fl + £tn)^ 

4pqn^BrimSo ^ ^gg^ 

^" + £fn 

When the above equations are put in order, the Induced 
electromotive force Is expressed by equations ( 89 ) and ( 90 ) 
below. Further, Fig. 16 shows the armature circuit 
represented by equation (89). 

Va = Rla-i-Lia + KEaxig + KEaeO (89) 

Vb^Rh + Lh + KEbxXg+KEbeO (90) 

Where L Is the armature inductance, KEax and KEae are 
the Induced voltage constants of phase A, and KEbx and Ksbe 
are the Induced voltage constants of phase B, which are 
expressed by equations (91) to (95) below. 
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4pqn^aSotJto 

+ + Crn 



(91) 



^Bax = 



Ksbx 



if -{a-P)<e<a-P 
4pgn5o((a - 6) Brim — nalafxp) 

i-Xg +eg+ 

ifa-0<e<p 



0 if -{a-0)<9<a 

4pqn^BrimSo 



m 



{-Xg+eg+imV 

4pqn^BrimSo 



(92) 

ifa-p<e<0 

(93) 

(94) 



^ ~j~ £> 



(95) 



Further, similarly also for the winding of region (B) , 
the Induced electromotive force Is expressed by equations 
5 (96) and (97) below. 



K = Rl'a + L'i'^ + K'sa^Xg + K's^gO 

Vi = RIl, + L'ii + K'E,,Xg + K'eJ 



(96) 
(97) 



Where L', K'sax* K'sae* K'Ebx* and K'sbe are expressed 
by equations (98) to (102) below. 
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(98) 



^Eax — 



if -ia-0)<e<a-0 
4pqnSo{{a — 0)Brim — nalafJio) 



{Xg +eg+ im)^ 

\{oi-p<e<p 



(99) 



{0 ii -{a-^)<e<a- 

4pM So 
Xg+ig+im ^ - - 



^Bbx — 



4pqnSo{6Brim - nalg/M)) 

{xg + eg + e^y 

4pqn^BremSo 



P 
(100) 
(101) 

(102) 
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+ ^5 + 

Control of the spiral linear motor of the present 
Invention will be described next . The spiral linear motor 
of the present Invention Is able to control the drive force 
f and torque X Independently. 

In the theoretical equations ( 36 ) and ( 63 ) for the drive 
force, when it is assumed that the gap displacement x g 
is sufficiently small in comparison with an adequate 
reference gap Ig and is made linear at about x g =0 by ignoring 
second-order or higher terms, an approximation that is 
expressed by the equations (103) to (106) below is obtained . 
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~ i-Xg -f £5 + imfiXg +eg+ imf flQ 



(-a:^ + £5 + tmf i-Xg + eg + im) 

{Xg-¥tg+i„,)'^ " (Xg+ig + em) 



4pqnBrimSo , 4nBrimSo w f',nA\ 
~Xg "I" "f" 3Jp "I" "I" vfn 

~ {-Xg +eg+ imf{Xg + £p + £m)^/iO 

{-Xg+eg+Cmf {-Xg+tg+tm? ^ 

4pqn(a - 0)BremSo J, ^ 4pqn$BremSo ^, 

{Xg +eg+ imf " {Xg + Eg + imf ^ 

(105) 

(106) 

When the above equations are generalized, same are 
expressed by the equations (107) and (108) below by using 
the drive force constant and torque constant. 

/ = foiXg) + Kfa(Xg,e)Ia + Kfi,{Xg,e)h 

+ K'j,{xg,0K + K'f,{xg,9)n (107) 

r = Kta(xg,0)la + Ktt{Xg,e)h 

+ KUXg,0)I'a+KU{Xg,e)r, (108) 



In addition, a conclusion Is expressed by equations 
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(109) to (113) below. 



(109) 



, where 




(110) 



(111) 



KMxg,e) K'f^{xg,9) K'j,{x,,0) 

KttiXgJ) KU{Xg,0) Kl,iXg,e) 

(112) 



/ = 




(113) 



As a result , the control law expressed by equation ( 114 ) 
below Is obtained. 



Where H{Xg, 9) is a K{Xg, 9) pseudo inverse matrix 
that is defined by the equation (115) below. 



Supposing that E is a unit matrix as a property of the 
pseudo inverse matrix, K (Xg, 0) H (Xg, 6) = E is established. 
A solution in which the sum of squares is smallest in a 
combination in which the current thus obtained produces 
the desired drive force and torque is obtained. 

Further, the current corresponding with the null- space 



I = H{xg,9){F*-Fo) 



(114) 



H(xg,9)=Kixg,0y 

= K{xg,9fiKixg,9)Kixg,9)'^)-' (115) 
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of K (Xg, 6) does not contribute to the drive force and 
torque and is therefore an invalid current. The solution 
obtained with equation (114) does not contain an invalid 
component and is orthogonal to the invalid current. 

By using the drive force/torque to current converter 
shown in Fig. 17, the currents la* r lb** I 'a*, and I'b* of 
each phase can be found from the order values f * and T 
* of the drive force and torque respectively. 

As a result, the drive force and torque of the spiral 
linear motor of the present invention can each be controlled 
independently . 

In the spiral linear motor of the present invention, 
in order to produce a drive force while avoiding touch-down , 
a target value generator that supplies a torque target value 
that counterbalances the desired drive force at the top 
of the independent control system for the torque and drive 
force . 

Supposing that the direction of movement is the x axis, 
an equation for the spiral curved face is described with 
9 as the intermediary variable as per the equations (116) 
to (118) below. 



Where Ip is the pitch of the spiral. That is, there 
is a progression of Ip [m] for every revolution. Here, 




(116) 
(117) 
(118) 



y = r cos 5 
z = r sin $ 
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the inclination tan<|) (r) of the spiral curved face at a 
point on radius r is given by the equation (119) below. 

''"^w =m=t 

Similarly to a normal screw, the relationship between 
5 the drive force and torque when motion is restricted at 
the spiral face can be found as follows. 

When no friction exists at all , the relationship between 
the force 8fe applied in the direction of rotation at the 
spiral face and the force df acting in the direction of 
10 movement via the normal force due to this force is shown 
in Fig. 18 and is given by equation (120) below. 

= Jm"^' = 17'^' ^""^ 

Supposing that 8r 0 when both sides are divided by 
6r, the relationship expressed by equation (121) below is 
15 obtained. 

^ = (?) t (-) 

On the other hand, the distribution of the force in 
the direction of rotation can be found and the relationship 
between the drive force and torque can be derived from the 
20 torque found by equations (37) and (64). 

First, the torque that is found by equations (37) and 
( 64 ) can be expressed by the equations ( 122 ) to ( 124 ) below. 
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r = T(xg,0)So 

,where 



(122) 
(123) 



r*-m 



( IL- 



+ 



"4" i^g ^ ^\ 



m 



) 



if - {a- ^) <e <a- p 
\ ^ ^" + / 



(124) 



The torque 8t that is produced by the minute region 
of r + 8r from radius r can be expressed by equation (125) 
below from the above equations. 

ST^T{xg,e) ({t + St)^^t^) 

= T{xg,0)(2r + Sr)Sr (125) 

Therefore, the force in the direction of rotation that 
is produced by the minute region of r + 8r from radius r 
is expressed by equation (126) below. 



r 



^/ (2r + Sr) ^ 



(126) 



10 Accordingly, the rotational force per unit length with 

respect to the radial direction at a point a distance r 
from the center is given by equation (127) below. 
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^ = lim ^ 
dr Jr-»o 6t 

= 2r(a:5,d) (127) 

Therefore, the drive force In a case where motion Is 
restricted to the spiral face Is rendered by the equations 
(128) and (129) below from the equations (121) and (127). 



= (128) 

That is 

In an Ideal state. It Is necessary to ensure that 
the target value of the torque and drive force thus produced 
satisfy the relationship of the above equations. 

This relationship can also be found from the principle 
10 of virtual work. That Is, this relationship can also be 
found by solving the constraint equation expressed by the 
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equation (130) below being obtained by time differentiating 
both sides of equation (116). 

i9 = (k)e (130) 



and restriction equation for holding Instantaneous power 
5 expressed by equation (121) below. 

Xgf ^Ot (131) 

, this equation and equation being obtained by time- 
differentiating both sides of equation (116). 

In the case of spiral linear motor of the present 
10 invention , the gap x ^ must always be kept at zero to prevent 
touch-down of the rotator. Therefore, assuming that the 
mass of the rotator is the dynamics of the rotator, which 
is a double Integral expressed by equation (132) below. 
Mxg = f (132) 

15 can be controlled by designing a stabilization compensator 
(regulator) . When the above equation represents a 
transfer function, same is expressed by the equation (133) 
below. 

^' = 1^^ (133) 

20 The stabilization compensator Cg (s) performs gap 

control by means of the equation (134) below. 

f = -Cs(s)xg •••• (134) 

A variety of procedures such as PI control, state 
f eedback+observer , H8 control, can be applied for the 
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design of the stabilization compensator Cg (s). 

The drive force control will be described next. Fig. 
19 Is a block diagram of the drive force control system 
and Fig. 2 0 Is a detailed block diagram of the drive force 
5 control system. 

In Fig. 19, the torque target value generator 10 finds 
the target values (x*, f*) for the torque and drive force 
from the order value of the drive force on the basis of 
the equation (129) above and Inputs the target values to 
10 the drive force to current converter 11. Further, fo (Xg) 
Is fed back negatively by using the gap value Xg, which 
Is found by the gap sensor provided In the spiral linear 
motor 1, to the drive force to current converter 11. 
Further, the gap controller 15 performs stabilization 
15 compensation on the basis of the equation (134). 

The drive force to current converter 11 uses the torque 

target value t* from the torque target value generator 10, 
the drive-force target value f*, fo (Xg) , the gap value 
xg, and the angle of rotation 9 of the rotator to find the 

20 current order values (la** Ib*r I'a** I'b*) on the basis 
of equation (114) and Inputs these current order values 
to the current controller 12. 

The current control device 12 performs PI control to 
form the voltage values (Va, Vb, V'a. V'b) on the basis of 

2 5 the current order values (Ia*» lb*/ I'a** I'b*) from the 
drive force to current converter 11 and the current values 
(la, lb/ I 'a/ I'b) supplied to the windings of the stator. 
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An Inverter 13 supplies power from the power supply 14 to 
the windings of the stator on the basis of the voltage order 
values . 

Furthermore, In cases where the spiral linear motor 
5 of the present Invention Is applied to an actuator and 
alignment Is performed by means of the actuator, a position 
control system Is provided above the drive force control 
system* 

The position control system will be described 
10 herelnbelow. 

When It Is assumed that the gap Is kept at zero, the 
translatlonal position of the rotator Is determined can 
be uniquely determined. Therefore, the translatlonal 
position of the rotator can be controlled by controlling 
15 the rotation angle of the rotator. 

Supposing that the Inertia moment of the rotator Is 
J, the motion equations for the rotator are given by the 
equation (135) below. 

J6> = r (135) 

20 When equation (135) Is rewritten by using the 

relationship of equations (116) and (129), this Is given 
by equation below. 

Therefore, robust servo control and so forth for which 
a servo-control system Is designed Is valid for the double 
25 Integration control target In equation (136). 

Fig. 21 Is a block diagram of the positional control 
system and Fig. 22 Is a detailed block diagram of the 
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positional control system. 

The Illustrated positional control system comprises 
a positional controller 16 above the drive force control 
system. The positional controller 16 finds the deviation 
5 by Inputting the positional order value x°""^ and the 
rotational angle 9 of the rotator, finds the order value 
of the drive force by means of servo control on the basis 
of the positional deviation thus found, and Inputs this 
drive-force order value to the torque target value 

10 generator 10 of the drive force control system. 

The spiral linear motor of the present Invention makes 
It possible to produce a drive force In the axial direction 
during rotation and to obtain a large drive force in 
accordance with results similar to those for a reduction 

15 gear by affording the part producing the drive force a spiral 
shape . 

Further , by reducing the pitch of the rotator and s tator , 
the spiral linear motor can be rendered a 
high-rotation- type spiral linear motor and can be made 
20 miniature and lightweight. 

Moreover, unlike a gear, the rotator and stator are 
contactless and there is no friction therebetween. 
Therefore , loss and backlash and so forth can be eliminated . 
Further, because there is no static friction, highly 
25 precise alignment is possible, which is preferable for a 
device requiring precise alignment such as an NC machine. 
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INDUSTRIAL APPLICABILITY 
As described hereinabove, according to the spiral 
linear motor of the present invention, a motor producing 
a rectilinear drive force can simultaneously be small and 
lightweight and have high accuracy and a large drive force . 



